Abstract. The isolation and biochemical characterization of a Saccharomyces cerevisiae mutant, which grows only when emulsified myristic, palmitic, stearic, or oleic acid is added to the growth medium, is described. The mutant contains an enzymatically inactive fatty acid synthetase complex. The gene affected, preliminarily designated by the symbol fas, exhibits a 2:2 nuclear inheritance pattern. The formation of fatty acid synthetase in yeast is constitutive and not subject to repression by long chain fatty acids. After extensive purification, the mutant fatty acid synthetase was obtained as an essentially homogeneous protein with a sedimentation constant identical to that of the wild type enzyme. A systematic study of the seven reaction steps involved in fatty acid biosynthesis revealed that the enzyme catalyzing the condensation of acetate and malonate to acetoacetate was completely inactive in the mutant. The other six coinponent enzymes had identical specific activities in the mutant and in the wild type fatty acid synthetase complexes. It is concluded that the mutant described harbors a missense mutation in the structural genes of either the condensing enzyme of the "acyl carrier protein" component of the fatty acid synthetase complex.
While mutants requiring unsaturated fatty acids for growth have been obtained from several organisms'-4 there is no report, so far, on mutants defective in saturated fatty acid biosynthesis. The study of fatty acid biosynthesis in bacteria,5'8 yeast,7 plants,8 and higher animals9'10 has revealed that the enzyme system involved is, quite generally, composed of seven different components: three transferases, one condensing enzyme, two dehydrogenases, and one dehydratase; an additional protein component, the so-called "acyl carrier protein," has an essential cofactor function. The fatty acid synthetases from yeast, mammals, and birds are multienzyme complexes.7'9"l0 This multienzyme complex may be crystallized from yeast in pure form as a protein of molecular weight 2.3 million.1' The extensive biochemical and physical characterization of yeast fatty acid synthetase, as accomplished by Lynen and co-workers,7 is encouraging for a genetic approach to the study of the biosynthesis of this complex. Genetic studies on the pyruvate dehydrogenase12 and tryptophan synthetase'3 complexes in Escherichia coli revealed that their corresponding genes were arranged in operons on the bacterial chromosome. This observation 661 was in line with findings on many other functionally related genes in bacteria.14 However, clustering of related genes is rare in yeasts'5 and other eucaryotic cells. Genetic studies on an enzyme complex like yeast fatty acid synthetase are therefore expected to provide insight into mechanisms of coordinated gene expression specific for the more highly developed cell.
As a prerequisite to these studies, the present paper describes the isolation of a S. cerevisiae mutant defective in the fatty acid synthetase complex. Materials Enzyme purification and assays: Fatty acid synthetase was purified according to Lynen.7 The activities of fatty acid synthetase and its component enzymes were tested according to Lynen7 with the following exceptions: the flavoprotein component (2nd reduction step) was tested with 2,6-dichlorophenol indophenol as hydrogen acceptor17 and the palmityl transferase activity was tested as indicated by Sumper et al. ' 8 A "unit" of enzyme activity catalyzes the turnover of 1 ,lmol of substrate per minute under the assay conditions used.
Results. The growth of X 2180 p fas 15, selected from X 2180 p-after EMS treatment, is strictly dependent on the presence of one of the long chain fatty acids, myristic, paimitic, stearic, or oleic, added with an appropriate detergent to the medium (Fig. 1) . The lower homologues of myristic acid do not support growth of the mutant. Wild type yeast growth is essentially unaffected by myristate and its higher homologues, but is increasingly inhibited by the lower ones (Fig. 2) . No higher homologues of stearate have been tested so far, but it may be seen from Fig. 3 that the growth-promoting effect of long chain fatty acids for the fas-mutant distinctly decreases from myristate to stearate. This decrease in growth promotion may be due to a decrease in the capacity of the emu1,ifier, since the growth promotion by stearate with 0.005% Brij ( Fig. 1) is much less than with 0.5% Brij (Fig. 3) . Of the detergents used, Brij 58 proved to be completely inert in supporting fas-mutant growth (Fig. 1) , whereas the Tweens used had a slight growth promoting effect (Fig. 3) , probably due to their contamination with free fatty acids.3I
The cell-free extract, of fas-b contains no fatty acid synthetase activity ( Cells were grown to stationary phase in YEPD-FA medium, harvested by centrifugation, and thoroughly washed.
* After cell breakage, debris was spun off at 10,000 X g for 10 min and the turbid supernatants were tested.
t After ammonium sulfate fractionation and subsequent sedimentation at 100,000 X g for 8 hr.
$ -, no detectable activity.
wild type cells, grown in YEPD and YEPD-FA medium, respectively. In both cases, exactly the same total as well as specific activities of fatty acid synthetase were observed ( Table 2 ). The second possibility was excluded by testing fatty acid synthetase purified from the extract of a 1:1 mixture of wild type and mutant cells. As listed in Table 1 , the specific activity was almost exactly half of that found in a wild type extract. These findings suggest a defect in the fatty acid synthetase complex of the mutant.
It was possible to purify fatty acid synthetase from the fas-15 mutant cells according to the same purification scheme used for the wild type enzyme. During isolation, one of the component enzymes, which apparently was unimpaired in the mutant and which catalyzes the NADPH-linked reduction of N-acetyl-S-acetoacetylcysteamine to the corresponding fl-hydroxybutyrylthioester, provided a convenient test system. Both enzymes sediment essentially as a single peak in the analytical ultracentrifuge ( Fig. 4a and b) . Since a 1:1 mixture of both enzymes also sediments as a single band (Fig. 4c) it is concluded that they have identical molecular weights.
The specific activity of purified wild type fatty acid synthetase was 2050 munits per mg, whereas that of the mutant enzyme was zero (Table 3) . The results of a systematic investigation of all seven individual enzymatic activities of the fatty acid synthetase complexes of both wild type and fas-15 are shown in Table 3 . Both complexes were tested under identical conditions. Apparently, six of the seven steps are unimpaired in the mutant and have a specific activity identical to that of the wild type. The acetoacetate-condensing enzyme, however, is completely inactive in the mutant. Yeast "acyl carrier protein" cannot be tested separately. As a binding site for malonate and acetoacetate it serves as a cofactor of the condensing enzyme. Therefore, the defect observed may result from either a mutationally altered condensing enzyme or "tacyl carrier protein" component.
The mutant fas-15, as a cytoplasmic "petite," has no functional mitochondria. To check the influence of mitochondria on fatty acid biosynthesis, the mutant was converted into the "grande" phenotype by crossing it to an appropriate strain with respiratory competence (matl-a adel p+). After sporulation, six different asci of this cross were subjected to tetrad analyses. As shown in Table 4 , the adel and fas-markers show normal 2:2 segregation, typical for nuclear genes, whereas the "petite" character, according to its cytoplasmic inheritance pattern, has disappeared in all spores.
Discussion. Myristic, palmitic, and stearic acid are, in different relative amounts, the end products of saturated fatty acid biosynthesis in yeast. 16 Stearic acid is aerobically dehydrated to oleic acid by an enzyme independent of the fatty acid synthetase complex. 19 According to the results described, a mutant defective in saturated fatty acid biosynthesis apparently does not need Dissected spores were grown on YEPD-FA master plates and then stamped on glycerol-FA and YEPD plates, respectively. Growth was analyzed after 3 days incubation at 301C, adel was identified by red pigment formation.
all three saturated fatty acids for growth, but grows if supplied with any one of the four long chain fatty acids mentioned. This may be due to two reasons:
(1) The cell, although unable to synthesize long chain fatty acids from acetate, still interconverts the four long chain fatty acids. Except for the stearic to oleic acid desaturation reaction, however, there is no evidence for such an activity in yeast, especially since mitochondria, the compartments for fatty acid oxidation, were absent in the "petite" strain used. (2) In the cellular lipids, a certain fatty acid may be replaced, within a limited range of chain length, by another homologue, without loss of viability. An E. coli mutant, for instance, which needs oleic acid for growth, incorporates various homologues instead of oleate. 20 Experiments are currently under way to study the metabolic alterations of these saturated fatty acids in the yeast fas-mutants. The increasing toxicity of fatty acids of medium to lower chain length, as well as their inability to support fas-mutant growth, may result from a lethal incorporation of these fatty acids into the yeast lipids. Less likely is a specific enzyme inhibition, since studies on the inhibitory effect of long chain fatty acids and their CoA derivatives on various enzymes, conducted in a number of laboratories, showed that this inhibition was always increased with chain length, not decreased.
Fatty acid biosynthesis appears to be regulated exclusively at the level of enzyme activity and not at that of enzyme synthesis. This is concluded from the finding that fatty acid synthetase is constitutively produced and from the well-known feedback inhibition, by long chain fatty acyl-CoA derivatives, on acetyl-CoA carboxylase22 and fatty acid synthetase.2' Because of this inhibition, exogenously supplied long chain fatty acids are likely to stop fatty acid biosynthesis from acetate even in wild type cells. The synthesis of long chain fatty acids from acetate by the mitochondrial system of fatty acid degradation, a mechanism discussed earlier,23 appears insignificant, otherwise fas-mutants should not be obtained from "grande" cells.
In the classical operon model of Jacob and Monod,24 pleiotropic effects, due to the polar translation of a polycistronic message, were mainly the consequence of a nonsense mutation.25 In a multienzyme complex, however, any mutation which affects the ability of a component to undergo or induce conformational changes, or to aggregate with other components, is expected to be pleiotropic. It has been demonstrated, for instance, that the activity of the component enzymes in a complex may be greatly enhanced by the formation of the proper quaternary structure. A mutant like fas-15, where nothing is altered except the directly affected component enzyme, therefore represents the simplest type to be expected for fatty acid synthetase. More complex types may be frequent. Especially, such mutants are considered as useful tools in the study of the assembling process and the architecture of the complex. According to preliminary results from more than 100 different fas-mutants currently under investigation, pleiotropy actually is a frequently observed phenomenon among them. Future experiments will show if this is due to polarity within an operon-or regulontype gene arrangement or to a disordered quaternary structure of the multienzyme complex.
